Creative Commons Attribution-Noncommercial-Share Alike We study the dopant incorporation processes during thin-film fs-laser doping of Si and tailor the dopant distribution through optimization of the fs-laser irradiation conditions. Scanning electron microscopy, transmission electron microscopy, and profilometry are used to study the interrelated dopant incorporation and surface texturing mechanisms during fs-laser irradiation of Si coated with a Se thin-film dopant precursor. We show that the crystallization of Se-doped Si and micrometer-scale surface texturing are closely coupled and produce a doped surface that is not conducive to device fabrication. Next, we use this understanding of the dopant incorporation process to decouple dopant crystallization from surface texturing by tailoring the irradiation conditions. A low-fluence regime is identified in which a continuous surface layer of doped crystalline material forms in parallel with laser-induced periodic surface structures over many laser pulses. This investigation demonstrates the ability to tailor the dopant distribution through a systematic investigation of the relationship between fs-laser irradiation conditions, microstructure, and dopant distribution.
Introduction
The use of pulsed laser irradiation to dope Si with chalcogens (S, Se, Te) to concentrations orders of magnitude beyond the equilibrium solubility limit results in a drastic increase in both the visible and infrared absorptance of Si [1, 2] and increased gain and extended photoresponse in Si-based photodetectors [3] [4] [5] . Doping semiconductors with supersaturated concentrations of deep-level impurities is also a potential route to synthesizing an intermediate band semiconductor, a high-efficiency photovoltaic concept through which single-junction solar cells have theoretical efficiency limits greater than 50% [6] . As such, there is great interest in the further development of pulsed laser doping as a platform for tailoring the optoelectronic properties of Si.
Pulsed laser doping can be achieved by introducing the dopants as a gas [2, 3, [7] [8] [9] [10] [11] , a thin film [5, 9, 12, 13] , or by ion implantation [4, 14, 15] , followed by irradiation with pulse lengths ranging from nanoseconds (ns) [4, 11, 14, 15] to femtoseconds (fs) [2, 3, [7] [8] [9] [10] [11] [12] . The doping of Si using fs-laser irradiation in the presence of SF 6 has been used to fabricate IR photodetectors with responsivities extending down to 0.8 eV [3] , and extended photoresponse has also been demonstrated using picosecond pulsed laser irradiation of a Se thin film on Si [5] . Strong increases in sub-band gap absorption can be achieved using ion implantation of chalcogens followed by ns pulsed laser melting [14] , but the resulting photodiodes do not exhibit such extended responsivity into the infrared [3, 4] . Both the pulse duration and method of dopant introduction have a drastic effect on the resulting bulk properties; understanding these relationships is central to advancing pulsed laser doping as a platform for tailoring the optoelectronic properties of Si.
The recent progress in developing fs-laser doping as a platform for materials synthesis has focused on the irradiation of Si in the presence of SF 6 , a gaseous dopant precursor [8, 16] . The deposition of a thin film of material onto the surface prior to pulsed laser irradiation, however, is a low cost approach to introducing dopants and enables doping with elements without available gaseous dopant precursors [5, 15, 17] . The deposition of a chalcogen thin film (Se, Te) followed by fs-laser irradiation has been shown to result in an increase in sub-band gap absorptance comparable to using a gaseous dopant precursor [7, 9] . There has been little success, however, in fabricating devices using a thin-film dopant precursor and fs-laser irradiation, which we have previously attributed to different dopant incorporation and surface texturing processes arising due to the presence of the thin film [12] . The effectively infinite dopant source present in the ambient atmosphere during doping from a gaseous dopant precursor enables the formation of a continuous doped surface layer in parallel with surface texturing. However, fs-laser doping from a thin film produces discontinuous regions of doped material isolated to within polycrystalline surface peaks [12] . Femtosecond laser doping with a thin-film precursor could enable synthesis of a wide range of novel materials, but realizing this potential requires understanding and optimizing the dopant incorporation and surface texturing processes.
In this work, we study the effects of a thin-film dopant precursor on surface texturing and dopant incorporation to enable control of the resulting structure and dopant distribution. We begin our investigation of the surface texturing and dopant incorporation processes during thin-film fs-laser doping by studying the evolution of the surface morphology, microstructure, and dopant distribution with an increasing number of laser pulses. We show that the surface texturing process is directly coupled to the localized crystallization of Se-rich Si on the surface. We then investigate the dopant distribution as a function of laser fluence and demonstrate the synthesis of a continuous, crystalline doped surface layer using irradiation conditions that suppress surface texturing over many laser pulses.
Experimental
We investigated thin-film fs-laser doping using a 75-nm thin film of Se thermally evaporated onto a Si wafer as a dopant precursor. Following film deposition, the wafer was loaded into the vacuum chamber and the chamber was evacuated and then backfilled with 500 Torr of N 2 . A Ti:sapphire laser (λ = 800 nm, τ = 80 fs, f = 100 Hz) was then used to irradiate Si with 1, 2, 5, 10, 15, 20, 30, 50, and 100 stationary pulses, each with a peak fluence, F, of 4 kJ/m 2 . The Gaussian laser beam profile was measured using a CCD camera and has a full-width half-max of 343 μm and 436 μm, parallel and perpendicular to the direction of beam polarization, respectively. Understanding the fluence profile allows us to determine the effective fluence at a point within the laserirradiated spot by measuring the distance to the center, which we use to study the effect of fluence variation on the surface morphology and dopant incorporation.
The sample morphology was investigated using a FEI Helios 600 scanning electron microscope (SEM) and a Zeiss Field Ultra55 field emission scanning electron microscope (FESEM), both operated at a 5 kV accelerating voltage. To quantify the absolute change in height of the evolving surface morphology, profilometry was performed on each of the laser-irradiated spots using a Veeco Dektak 6M Profilometer. The resulting microstructure and dopant distribution were characterized using a JEOL 2010F transmission electron microscope (TEM) operated at 200 kV. Samples were prepared from specific regions within each stationary laser pulse using the lift-out method on a FEI Helios 600 dual-beam focused ion beam (FIB). We used bright-field (BF) TEM to understand the microstructure and dark-field scanning TEM (DF-STEM) in combination with energy dispersive X-ray spectroscopy (EDX) to map the Se distribution. Because the chemical resolution of EDX is on the order of 1%, the quantification of EDX spectra presented in this work is only qualitative; EDX is capable only of identifying regions that contain Se concentrations about 3 orders of magnitude above their solubility limit.
Results and Discussion

Femtosecond laser doping with laser irradiation in the texturing regime
We first investigate the evolution of the surface texturing and dopant distribution during thin-film fs-laser doping with an increasing number of laser pulses. Using this knowledge, we gain insights into the laser-material interactions relevant to fslaser doping, including melting and resolidification, dopant incorporation, evaporation, and ablation. (not shown). Beneath the native oxide layer, 10 nm of amorphous Si has formed through the melting and ultra-fast resolidification of Si following laser irradiation. The presence of a thin Se film above the Si oxide layer and amorphous Si beneath the oxide layer is evidence that the native layer stays intact following a single fs-laser pulse, which has also been observed following ns-pulsed laser irradiation [18] .
We can contextualize the behavior of the Se thin film during fs-laser irradiation by considering the difference in material properties between Se, Si and SiO 2 . Se melts at a much lower temperature (217 °C) than Si or Si dioxide, which suggests that the melting and ablation fluence thresholds during fs-laser irradiation are also significantly lower. In addition to possibly operating above the ablation threshold of Se, the evaporation temperature of Se is only 685 °C [19] and thus evaporation will also contribute to Se removal following initial pulses of fs-laser irradiation. The robust nature of the Si oxide and the low modification threshold of the thin-film dopant precursor present a considerable challenge for uniform dopant incorporation using a thin film.
With continued irradiation using multiple laser pulses, the surface exhibits considerable roughening (Figure 2a ). TEM investigations of the sample after 5 pulses (Figure 2b ) reveal that amorphous, crystalline, and polycrystalline regions have formed on the surface. EDX results indicate that there is 1-2% Se in the amorphous, crystalline, and polycrystalline Si regions on the surface, confirming that Se mixes with molten Si after multiple laser pulses. The detection of selenium in crystalline Si indicates that in some regions there is melting followed by epitaxial recrystallization. The amount of Se remaining on the surface is significantly less than originally deposited, as might be expected because of Se ablation/evaporation during the first several laser pulses. The native oxide layer observed in Figure 1 might be expected to introduce O into the doped material, but such light elements are difficult to detect using EDX.
Notably, the only crystalline material that is doped is confined to within the surface protrusions, suggesting that the synthesis of crystalline doped Si and surface texturing are coupled from an early stage of laser irradiation. A roughened surface morphology could affect both the energy deposition and energy dissipation processes during fs-laser irradiation, which is known to have strong consequences on crystallization. Supporting the relationship between morphology and crystallization that we observe, Borowiec et al. investigated the microstructure of a Si surface following a single laser pulse and observed crystallization only in the protruding ring around the laser spot [20] .
3.1.2 Dopant incorporation during surface texturing with 5-100 pulses at F = 4 kJ/m 2 Our investigations after 1 pulse and 5 pulses have shown that much of the Se is evaporated/ablated away during the early stages of irradiation and that the crystallization of doped Si is closely tied to surface morphology from the earliest stages of surface texturing. In order to understand how local crystallized protrusions after 5 pulses lead to the formation of large Se-rich polycrystalline peaks [12] , we extend this investigation to higher pulse numbers.
The gradual texturing of the surface with an increasing number of laser pulses at a fluence of 4 kJ/m 2 is shown in Figure 3a . It has been previously reported that irradiation conditions govern whether surface texturing occurs through material addition to the peaks or by material removal from regions between the peaks [11] . To investigate the surface texturing mechanism we performed profilometry line scans across each laser-irradiated spot (1 -100 laser pulses), such that the peak height in the center of the laser spot can be quantified with respect to the initial height of the unirradiated Si wafer (Figure 3b, inset) . The width of the profilometer tip prevents detecting the valleys between the peaks, but allows for extraction of the average peak height. To obtain the height of the peaks at the center of the laser spot, we averaged the height measurement across the center 30 μm of the laser modified spot (Figure 3b ). For irradiation with 5-30 laser pulses, profilometry reveals that there is upward peak growth at a rate of 75 nm/pulse between 5-30 laser pulses; this finding contrasts the case of fs-laser doping with SF 6 in which the peak growth is predominantly driven by material removal [21] . After 10 pulses the surface peaks have grown visibly above the surrounding roughened surface (Figure 3a) , reaching 517 ± 218 nm above the native Si surface and then growing to an average height of 1472 ± 367 nm over the 10 subsequent laser pulses.
TEM characterization of representative surface peaks after 10 and 20 pulses (Figures 4a and 4b ) reveals that the peaks are polycrystalline and that the growing height of the surface peaks in this irradiation regime occurs through an increased volume of polycrystalline Si within each peak. As illustrated in the grain structure schematic in Figure 4b , the 20-pulse peaks exhibit increasing grain size towards the 
center and top of the peaks, with columnar grains less than 100 nm in size at the interface of the polycrystalline and amorphous Si transitioning into grains approaching micrometer-scale dimensions in the center of the peak. These structural investigations therefore suggest that the increasing volume of the polycrystalline peaks is related to crystallization at the base of the peaks occurring in parallel with grain coarsening within the polycrystalline region with continued fs-laser irradiation.
With continued irradiation (30-100 pulses) the surface peaks continue to evolve (Figure 3a) while the peak height relative to the unirradiated surface gradually begins to decrease (Figure 3b ). These opposite trends are evidence that peak evolution is now occurring predominantly through material removal from regions between the peaks. Supporting the transition into ablation-driven growth, investigations of the microstructure after 50 pulses (Figure 4c ) indicate that the valleys between the peaks are significantly recessed from the polycrystalline-crystalline interface. This process is well understood and is the dominant form of surface texturing during fs-laser doping from SF 6 gas [21] : laser light is preferentially reflected into the valleys between the peaks, creating localized regions of increased fluence and heightened rates of material ablation. Our investigation shows that crystallization-induced peak growth leads to the initial surface texturing, but with continued irradiation the peak amplitude increases through localized ablation.
The differences in the surface texturing processes observed during gas and thinfilm fs-laser doping raises questions about the possible effects of Se impurities. Thermodynamically, the presence of impurities in Si affects the melting temperature [22] and, in turn, the volume of amorphous material that is generated. The presence of 1% Se in a Se-Si alloy will drastically reduce the melting temperature compared to pure Si during, though the magnitude of this effect is difficult to quantify. A decrease in melting temperature would increase both the melt depth and the melt duration during fs-laser irradiation [23] , increasing the surface roughening during early stages of irradiation.
The presence of 0.1 -1% impurities can also have a drastic, sometimes complex effect on the crystallization kinetics of Si, depending on the crystallization mechanism. When considering liquid-phase crystallization, the presence of 1% oxygen in amorphous Si increases the nucleation rate by a factor of 10 [24] , but group III and group V impurities decrease the rate of nucleation when present at comparable concentrations [24] . During solid phase epitaxy, however, non-doping impurities such as O, N, and C significantly reduce the crystallization rate and electrically active group III and V dopants at concentration up to 1% can increase the rate of solid phase epitaxy by an order of magnitude [24] . The effect of Se, a group VI dopant, might be expected to increase the kinetics similar to the group V dopants, but as Se is a non-traditional dopant for Si, this effect has not been investigated in either liquid phase or solid phase crystallization.
Achieving continuous doping using a thin-film dopant precursor
Investigations of peak formation and growth during Se thin-film fs-laser doping have shown that the dopant incorporation, surface texturing, and crystallization of doped material are closely related during irradiation with 4 kJ/m 2 fluence. The resulting discontinuous distribution of selenium-doped crystalline Si, however, is not conducive to planar device processing and has been linked to poor p-n diode rectification [12] . Thus, we investigated the surface texturing and dopant incorporation at lower laser fluences with the ultimate goal of identifying irradiation conditions conducive to the synthesis of a continuous, crystalline doped surface layer. It is well understood that at lower fluences, ripples, and not surface peaks, form after many laser pulses [21] . These ripples, known as laser-induced periodic surface structures (LIPSS), are perpendicular to the polarization of the electric field and have a periodicity of around 500-600 nm, slightly less than the wavelength of the laser. Such low-frequency LIPSS [25] arise through a well-known mechanism of scattering/diffraction and subsequent local-field enhancement via interference at the surface [26] . Though there is a rich history of studying the formation of these surface structures on a variety of materials, dopant incorporation from a thin film during LIPSS formation has not been previously investigated and may offer a route to achieving a more continuous dopant distribution.
To address this question, we investigate the dopant distribution following 10 and 100 laser pulses in a lower fluence range where LIPSS form instead of peaks ( Figures  5 and 6 ). Next, we investigate Se incorporation in this same fluence regime with continued pulsed laser irradiation. Figure 6a shows the region of a laser-irradiated spot that received 100 pulses at fluences of 1.2 -1.5 kJ/m 2 and exhibits LIPPS formation. A TEM micrograph of the microstructure after 100 laser pulses at 1.4 kJ/m 2 is shown in formation (Online Resource 1). Based on this trend, it appears that there is an optimal fluence for thin-film doping that maximizes the thickness of the crystalline Se:Si surface layer while suppressing the formation of discontinuous polycrystalline peaks on the surface.
To elucidate the dopant incorporation mechanisms during LIPSS formation between 10 and 100 pulses at fluences around 1.3 -1.4 kJ/m 2 , we review the current understanding of fs-laser irradiation of Si in this low-fluence regime. Melting during fslaser irradiation can occur through both thermal and non-thermal pathways and each has different thresholds; it is generally observed that the non-thermal melting threshold is around 1.5 times the fluence required for thermal melting [28] . Izawa et al. correlated non-thermal melting in Si with amorphous Si formation and, at lower fluences, correlated thermal melting with the formation of a thin layer of crystalline Si. Comparing our structural investigations with those of Izawa et al. suggests that the doped layer we observe is a consequence of thermal melting and recrystallization, which dominates only at sufficiently low fluences during fs-laser irradiation. Both ps-and ns-laser irradiation of a Se thin film on Si have been shown to produce crystalline Se-doped Si, [5, 15] inherently through thermal melting as non-thermal melting is unique to fs-laser irradiation. These investigations suggest that irradiation at sufficiently low fluences is an important criteria for achieving a continuous layer of doped c-Si from a thin-film precursor using fs-laser irradiation. Future studies will investigate the bulk properties of the Se-doped Si synthesized using pulsed laser doping with fs-laser irradiation and a thin-film precursor.
Conclusions
Our investigation reveals important consequences of using a thin-film dopant precursor during fs-laser doping. Irradiation of Si with many laser pulses at 4 kJ/m 2 creates micrometer-scale peaks on the surface during both the gas-phase and thin-film fs-laser doping, but there are significant differences in the surface texturing mechanisms. When using a thin-film precursor a unique regime exists between 5-30 laser pulses (at 4 kJ/m 2 ) during which the peaks grow rapidly upwards from the surface.
We have shown that high fluences ablate/evaporate the Se thin film before substantial dopant incorporation can take place and proceeds to drive localized crystallization of doped material only within protruding surface features. With this understanding, we were able to achieve more uniform dopant incorporation by moving to sufficiently low fluences, which we found to be in the range of 1.3 -1.4 kJ/m 2 under these irradiation conditions. After 10 pulses there is a layer of Se dopant precursor remaining on the surface and after 100 fs-laser pulses a continuous Se-rich crystalline layer forms in parallel with LIPSS. These systematic structural investigations elucidate the evolution of the dopant incorporation and microstructure during thin-film fs-laser doping and we can use this understanding to improve the dopant distribution, an important step towards the rational synthesis of materials using thin-film fs-laser doping. TEM micrograph of the roughened surface showing single-crystalline, polycrystalline, and amorphous silicon contributing to surface roughness. The selenium composition (at. %) was determined using EDX (red spots). Platinum (Pt) and carbon (C) layers were deposited during FIB sample preparation. , all shown at the same magnification. A schematic of the grain structure of the 20-shot peak included in (b) shows representative distribution of grains. At the base of the peak the grains are columnar and on the order of 100 nm, but the body of the peak is made up of several micrometer-scale grains. The dotted areas at the bottom of the polycrystalline peak indicates regions in which there was too much contrast to easily resolve the grain structure in a 2D schematic. We have previously reported [22, 23] the pressure-induced formation of amorphous Si, identified in the schematic. 
